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© Electric propulsion motor for marine vehicles. 



© An improved electric propulsion motor for ma- 
rine vehicles. The motor has an axial gap design 
with a disk-shaped rotor and two disk-shaped sta- 
tors. Within the large, open diameter of the motor a 
sound isolation coupling is disposed between two 
annular plates that connect the rotor to the propeller 
shaft. Circumferential thrust bearings counter and 
distribute electrical and mechanical forces in the 
motor to maintain the position of the rotor relative to 

<^ the stators. A journal bearing supports the rotor. 

^ Noise reduction is greatly enhanced by the imple- 
mentation of staggered stators, skewed stator slots, 

lO skewed field poles and a current control system that 

CO compensates for torque pertubations that are a re- 
peatable function of shaft angle. 
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Field of Invention 

This invention relates generally to electric mo- 
tors and more particularly to propulsion motors for 
marine vehicles. 

Background of the Invention 

Marine vehicles typically employ one or more 
rotating propellers disposed beneath the water line 
of the vessel for surface vessels or disposed within 
a portion of the hull of submersible vessels. 

Typically, the propellers in submersible sys- 
tems have been driven by diesel power, steam 
turbines or electric motors mounted within the hull 
of a vessel. A propeller shaft extends through the 
hull to the propeller mounted on the shaft outside 
the hull. Such systems have the disadvantage of 
noise and vibration radiating from the rotating com- 
ponents. Also, such systems typically occupy a 
great deal of the interior hull space. The motor, 
typically, is a primary source of noise and vibration. 
The source of such noise in an electric motor is 
often torque ripple due, for example, to cogging, 
i.e., variations in magnetic flux that are related to 
rotor position, reluctance, and the mechanical cou- 
pling between the rotor and propeller shaft. 

Summary of the Invention 

It is an object of the invention to provide a 
motor for marine vehicles with a minimum axial 
length to provide greater available hull space for 
purposes other than the motor 

Another object of the invention is to isolate the 
noise generated by the motor from the propeller 
shaft by providing a sound isolating coupling within 
the open center of the motor so as not to increase 
the axial length of the motor and related equip- 
ment. 

A further object of the invention is to reduce 
the torque ripple in an electric motor due to cog- 
ging and thereby reduce noise. 

It is yet a further object of the invention to 
reduce the torque ripple and resulting noise in the 
motor due to perturbations that are repeatable 
functions of shaft angle. 

Another object of the invention is to provide an 
improved arrangement for handling and distributing 
electrical and mechanical forces on the rotor, such 
arrangement including a large diameter circum- 
ferential thrust bearing and journal bearing. 

The electric propulsion motor of the present 
invention is substantially wheel-shaped and has as 
its major components a disk-shaped rotor and two 
disk-shaped stators. In a first embodiment, a single 
motor is mounted in the hull of a vessel and is 
axially aligned with a longitudinal axis of the vessel. 



In a second embodiment, two motors with counter- 
rotating propellers are installed. The shape of the 
motor, with a large diameter relative to its axial 
length, is advantageous in marine vehicles because 

5 it significantly reduces the total stack-up length of 
the motor and related couplings. This provides 
greater interior hull space for other equipment. In 
addition, the large diameter, open center of the 
motor permits the installation of a sound isolation 

to coupling between the rotor and the propeller shaft. 
Such coupling does not add to the axial stack-up 
length of the motor assembly because it is located 
within the interior of the motor. 

The two stators, mounted on either side of the 

75 rotor and separated therefrom by axial air gaps, are 
provided with armature windings that are fed by a 
controlled current source (power inverter modules). 
The rotor magnetic field is provided by permanent 
magnets mounted on a rotor disk. The rotor perma- 

20 nent magnet field reacts with a rotating magnetic 
field of the stators to produce rotational torque 
upon the rotor, which is transferred to the propeller 
shaft through the sound isolation coupling. Thrust 
bearings for the rotor are mounted circumferentially 

25 around each side of the rotor. This circumferential 
thrust bearing can be a single annular bearing or a 
plurality of spaced bearing assemblies. The rotor is 
supported on a radial bearing. 

Each of the stators includes teeth and slots, 

30 with coils (conductors) being wound within the 
slots. The rotor includes axially magnetized perma- 
nent magnets and the magnet flux crosses the air 
gap on both sides of the rotor. As the magnet pole 
passes the slots in the stators, cogging will result 

35 due to the preferred orientation of the pole with the 
teeth, where reluctance is minimum. This cogging 
gives rise to a component of torque ripple. In the 
present invention, cogging may be minimized by 
staggering the stators such that the teeth of one 

40 stator are oriented opposite the slots of the stator. 

As an additional feature to reduce torque rip- 
ple, the stator slots are skewed, i.e. rather than 
being parallel to a diameter of the stator, the slots 
lie at an angle to the diameter. Alternately or addi- 

45 tionally, the magnet poles may also be skewed 
such that a diameter of the rotor will not be collin- 
ear with a central longitudinal dividing line of the 
magnet pole. Also, the sides of each pole are 
slightly curved. To further reduce the cogging ef- 

50 feet, a large number of permanent magnet poles 
are formed in the rotor, seventy-eight in the em- 
bodiment shown in the drawings. 

Torque ripple is also reduced by taking advan- 
tage of the fact that most of the total variation in 

55 torque is a repeatable function of rotor position. By 
varying the current in the motor as a function of 
rotor position (or shaft angle), the cyclic variations 
in motor torque can be greatly reduced. The 
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present invention utilizes high speed switching ele- 
ments and pulse width modulation to provide pre- 
cise control over the current applied to the stator 
windings. The shaft-position-dependent information 
needed to compensate for torque variations is 
stored in one or more programmable read-only 
memories (PROMs). The instantaneous current 
command signal, which controls torque output, is 
modified by the compensation information stored in 
PROM to reduce torque ripple that is a function of 
shaft angle. 

A first aspect of the invention provides an 
electric propulsion motor for marine vehicles com- 
prising: 

a disk-shaped rotor and two coaxial disk- 
shaped stators, said rotor being separated from 
each of said stators in an axial direction by an air 
gap: 

said rotor including a plurality of permanent 
magnets that produce a first magnetic field; 

each stator comprising an armature winding 
that is connected to a source of electrical current to 
produce a second magnetic field, said first and 
second magnetic fields being capable of interacting 
to create an electromagnetic torque; 

means for coupling said rotor to a propeller 
shaft for transferring said torque from said rotor to 
said shaft, and means for detecting the angle of 
said shaft; 

a current control means for receiving a current 
control signal and for employing pulse width modu- 
lation to control said source of electrical current; 

said control means including means for storing 
compensation information related to torque vari- 
ations that are a function of shaft angle; 

said current control means including means 
connected and responsive to said shaft angle de- 
tecting means for selecting said compensation in- 
formation as a function of shaft angle and for 
combining said compensation information with said 
current control signal to control said source of 
electrical current such that torque variations that 
are a function of shaft angle are minimized; and 

wherein said means for coupling said propeller 
shaft to said rotor includes means within the motor 
for isolating said shaft from sound produced by 
said motor. 

Said islolating means may comprise an 
elastomer 

The electric propulsion motor may further in- 
clude an annular plate connected to and extending 
from said rotor and a disk connected to and ex- 
tending from said propeller shaft and wherein said 
sound isolating means is sandwiched between said 
disk and said plate. 

A second aspect of the invention provides an 
electric propulsion motor for marine vehicles com- 
prising: 



a disk-shaped rotor and two coaxial disk- 
shaped stators, said rotor being separated from 
each of said stators in an axial direction by an air 
gap; 

5 said rotor including a plurality of permanent 
magnets that produce a first magnetic field; 

each stator comprising an armature winding 
that is connected to a source of electrical current to 
produce a second field, said first and second mag- 
70 netic fields being capable of interacting to create 
an electromagnetic torque; 

means for coupling said rotor to a propeller 
shaft for transferring said torque from said rotor to 
said shaft, and means for detecting the angle of 
75 said shaft; 

a current control means for receiving a current 
control signal and for employing pulse width modu- 
lation to control said source of electrical current; 
said control means including means for storing 
20 compensation information related to torque 
variationg that are a function of shaft angle; 

said current control means including means 
connected and responsive to said shaft angle de- 
tecting means for selecting said compensation in- 
25 formation as a function of shaft angle and for 
combining said compensation information with said 
current control signal to control said source of 
electrical current such that torque variations that 
are a function of shaft angle are minimized; and 
30 circumferential thrust bearings facing both 
sides of said rotor, said rotor including bearing 
surfaces for engagment with said thrust bearings. 

Said circumferential thrust bearings may com- 
prise a plurality of spaced bearing assemblies. 
35 Said spaced bearing assemblies may comprise 
tilting pad thrust bearings. 

Said circumferential thrust bearings may alter- 
natively comprise solid annular bearings. 

Said rotor bearing surfaces may comprise an- 
40 nular runners. 

Said circumferential thrust bearings may be 
located in proximity to a magnetically active portion 
of said rotor. 

A third aspect of the invention provides an 
45 electric propulsion motor for marine vehicles com- 
prising: 

a disk-shaped rotor and two coaxial disk- 
shaped stators, said rotor being separated from 
each of said stators in an axial direction by an air 
50 gap; 

said rotor including a plurality of Permanent 
magnets that produce a first magnetic field; 

each stator comprising an armature winding 
that is connected to a source of electrical current to 
55 produce a second magnetic field, said first and 
second magnetic fields being capable of interacting 
to create an electromagnetic torque; 

means for coupling said rotor to a propeller 
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shaft for transferring said torque from said rotor to 
said shaft, and means for detecting the angle of 
said shaft; 

a current control means for receiving a current 
control signal and for employing pulse width modu- 
lation to control said source of electrical current; 

said control means including means for storing 
compensation information related to torque vari- 
ations that are a function of shaft angle; 

said current control means including means 
connected and responsive to said shaft angle de- 
tecting means for selecting said compensation in- 
formation as a function of shaft angle and for 
combining said compensation information with said 
current control signal to control said source of 
electrical current such that torque variations that 
are a function of shaft angle are minimized; and 

a radial bearing remote from said propeller 
shaft for supporting said rotor. 

Said radial bearing may comprises a plain cy- 
lindrical bearing. 

Said radial bearing may alternatively comprise 
a plurality of spaced bearing assemblies. 

Said means for coupling said propeller shaft to 
said rotor may includes means within the motor for 
isolating said shaft from sound produced by said 
motor. 

Said sound isolating means may comprises an 
elastomer. 

The motor may further include an annular plate 
connected to and extending from said rotor and a 
disk connected to and extending from said propel- 
ler shaft and wherein said sound isolating means is 
sandwiched between said disk and said plate. 

The motor may further include circumferencial 
thrust bearings facing both sides of said rotor, said 
rotor including bearing surfaces for engagement 
with said thrust bearings. 

Said circumferential thrust bearings may com- 
prise a plurality of spaced bearing assemblies. 

Said spaced bearing assemblies may comprise 
tilting pad thrust bearings. 

Said circumferential thrust bearings may com- 
prise solid annular bearings. 

Said rotor bearing surfaces may comprise an- 
nular runners. 

Said circumferential thrust bearings may be 
located in proximity to a magnetically active portion 
of said rotor. 

The motor may further include a radial bearing 
for supporting said rotor. 

Said radial bearing may comprise a plain cylin- 
drical bearing. 

Said radial bearing may comprise a plurality of 
spaced bearing assemblies. 

Each said stator may includes a plurality of 
teeth separated by a like plurality of slots, said 
slots including stator coils; and 



said two stators may be staggered on either 
side of said rotor positioned such that the teeth of 
a first one of said stators are positioned axially 
across the rotor opposite the slots of a second one 
s of said stators, whereby a cogging component of 
torque ripple is minimized. 

Each said stator may include a plurality of 
teeth separated by a like plurality of slots, said 
slots including stator coils; and 
w said slots in each said stator being skewed 
such that they lie at an angle to a diameter of each 
said stator, whereby a cogging component of 
torque ripple is minimized. 

Said rotor magnets may be configured with 
75 alternating north and south poles around the cir- 
cumference of said rotor; and 

said poles may be skewed such that diameters 
of said rotor are not collinear with lines that divide 
each pole along its longitudinal axis, whereby a 
20 cogging component of torque ripple is minimized. 

Each said pole may have a skewed shape in 
that at least one side of each pole is curved. 

Said rotor may comprise at least fifty perma- 
nent magnet poles. 
25 Said current control means may include in- 
sulated gate bipolar transistors (IGBTs) as switch- 
ing elements. 

Said means for storing compensation informa- 
tion may comprise at least one programmable read 
30 only memory (PROM). 

Said means for combining said compensation 
information with said current control signal may 
include at least one multiplier. 

The motor may further include means for 
35 mounting said motor within a hull of said marine 
vehicle, said mounting means including means for 
isolating said hull from sound and vibration gen- 
erated by said motor. 

Said marine vehicle may include two electric 
40 propulsion motors and two propeller shafts, wherein 
a first motor rotates a first propeller shaft in a first 
rotating direction and a second motor rotates a 
second propeller shaft in a second direction that is 
counter to said first direction. 
45 Said current control means may employ a 
pulse width modulation frequency of approximately 
20 KHz. 

These and other features, objects and advan- 
tages of the present invention will be apparent from 
so the foregoing drawings and detailed description. 

Brief Description of the Drawings 

Figure 1 is a perspective view of a preferred 
55 embodiment of the propulsion motor of the present 
invention. 

Figure 2 is a cross-sectional view along the line 
2-2 of Figure 1 . 
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Figure 3 is an enlarged view of the upper half 
of the assembly depicted in Figure 2. 

Figure 4 is an enlarged view of the rotor and 
torque plate shown in Figure 3. 

Figure 5 is an enlarged cross-sectional view of 
one stator shown in Figures 2 and 3. 

Figure 6 is a cross-sectional view illustrating 
the mounting of the propulsion motor of the present 
invention in the hull of a ship. 

Figure 7 is a partial cross-sectional view illus- 
trating the single motor embodiment of the present 
invention. 

Figure 8 is a partial cross-sectional view illus- 
trating the dual counter-rotating embodiment of the 
present invention. 

Figure 9A is a representative view of two sta- 
tors in alignment. 

Figure 9B is a representative view of the stag- 
gered stator feature of the present invention. 

Figure 1 0A is a representative view of a 
straight slot stator arrangement. 

Figure 1 0B is a representative view of the 
skewed stator slot feature of the present invention. 

Figure 11A is a representative view of a 
straight magnet pole arrangement. 

Figure 1 1 B is a representative view of the 
skewed magnet pole arrangement of the present 
invention. 

Figure 12 illustrates a partial stator winding slot 
arrangement. 

Figure 13 is a block diagram depicting the 
stator current control system of the present inven- 
tion. 

Detailed Description 

Figure 1 shows a perspective view of a pre- 
ferred embodiment of the propulsion motor of the 
present invention. The motor 10 comprises three 
major components, two stators and a rotor (not 
individually visible in Figure 1). The rotor 16 is 
disposed between the two stators 12, 14 (as shown 
in Figure 2). As will be appreciated from Figure 1, 
the motor 10 is substantially wheel-shaped, having 
a large diameter relative to its axial length. The 
short axial length of the motor is advantageous in 
marine vehicles. For example, the total length of 
the engine room is reduced due to the significantly 
shorter stack-up length of the shafting, coupling, 
thrust bearing and motor. See Figure 7, for exam- 
ple. This provides greater available interior hull 
space for equipment, storage, crew quarters, weap- 
on systems, etc. 

As shown in Figure 1, the structures of the two 
stators 12 and 14 are joined together at circum- 
ferential flange members 18 and 20 by bolt/nut 
combinations 22 or other suitable fasteners. The 
structure of each stator 12, 14 is also joined to 



large coupling flanges 24 that permit the motor 10 
to be mounted in the ship's housing (see Figure 6, 
for example). 

The rotor 16 and stators 12 and 14 are sub- 

5 stantially disk-shaped (see Figures 11 and 10, re- 
spectively, for example), with a large, open center. 
Referring to Figure 1, this large, open center is 
utilized in the present invention for passage of the 
ship's hollow propeller shaft 26 and for the unique 

w rotor/propeller shaft coupling arrangement of the 
present invention. In such arrangement, an annular 
rotor torque plate 28 (connected to the rotor 16 as 
shown in Figure 2) extends radially inward toward 
propeller shaft 26. Coupled to and extending radi- 

15 ally outward from propeller shaft 26 is shaft disk 
30, which is connected (e.g. by welding) to the 
outer wall 27 of propeller shaft 26. The outer pe- 
rimeter of plate 28 and disk 30 overlap, as best 
shown in Figure 2. Interposed between these over- 

20 lapping perimeter sections is a flexible sound at- 
tenuating coupling 32. Coupling 32 may be made 
of any suitable flexible material, preferably an 
elastomer, and is held in place under pressure 
between plate 28 and disk 30, which are held 

25 together by bonding, for example. This unique cou- 
pling arrangement provides an effective means for 
isolating noise-inducing motor vibrations from the 
propeller output shaft. This is accomplished within 
the open center of the motor and thus adds no 

30 additional axial length to the motor assembly. 

Figure 1 also shows the arrangement of the 
inverter modules 34 located around the circum- 
ference of both stators 12 and 14. Inverter modules 
34 function as a controlled current source for the 

35 stator coils as will be discussed hereinafter in more 
detail. Each group of five (5) inverter modules is 
cooled by a cold plate 36. Each plate is in the form 
of a segment of an annulus. Each plate 36 is 
divided longitudinally by a wall into two channels, 

40 with the wall open at one end to connect the two 
channels. Cooling fluid enters the radially outer 
channel through conduit 38, traverses the length of 
the plate, passes through the open end of the 
dividing wall and returns through the radially inner 

45 channel, exiting at conduit 40. Conduits 38 and 40 
will be connected to an appropriate cool fluid sup- 
ply and warm water disposal, respectively, which 
are not shown in Figure 1 . 

Figure 2 shows a cross-section of the motor 

50 assembly and Figure 3 is an enlarged cross-sec- 
tional view of the upper half of the motor. The 
cross-hatching has been omitted for clarity. As 
shown in Figure 2, the upper and lower halves of 
the motor are identical. The motor 10 will typically 

55 be mounted in the hull of a vessel in surrounding 
relationship to the propeller shaft 26. The ship's 
thrust and journal bearings, which support the pro- 
peller shaft and transfer the propeller thrust to the 
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Figure 3 is an enlarged view of the upper half 
of the assembly depicted in Figure 2. 

Figure 4 is an enlarged view of the rotor and 
torque plate shown in Figure 3. 

Figure 5 is an enlarged cross-sectional view of 
one stator shown in Figures 2 and 3. 

Figure 6 is a cross-sectional view illustrating 
the mounting of the propulsion motor of the present 
invention in the hull of a ship. 

Figure 7 is a partial cross-sectional view illus- 
trating the single motor embodiment of the present 
invention. 

Figure 8 is a partial cross-sectional view illus- 
trating the dual counter-rotating embodiment of the 
present invention. 

Figure 9A is a representative view of two sta- 
tors in alignment. 

Figure 9B is a representative view of the stag- 
gered stator feature of the present invention. 

Figure 1 0A is a representative view of a 
straight slot stator arrangement. 

Figure 1 0B is a representative view of the 
skewed stator slot feature of the present invention. 

Figure 11A is a representative view of a 
straight magnet pole arrangement. 

Figure 11B is a representative view of the 
skewed magnet pole arrangement of the present 
invention. 

Figure 12 illustrates a partial stator winding slot 
arrangement. 

Figure 13 is a block diagram depicting the 
stator current control system of the present inven- 
tion. 

Detailed Description 

Figure 1 shows a perspective view of a pre- 
ferred embodiment of the propulsion motor of the 
present invention. The motor 10 comprises three 
major components, two stators and a rotor (not 
individually visible in Figure 1). The rotor 16 is 
disposed between the two stators 12, 14 (as shown 
in Figure 2). As will be appreciated from Figure 1, 
the motor 10 is substantially wheel-shaped, having 
a large diameter relative to its axial length. The 
short axial length of the motor is advantageous in 
marine vehicles. For example, the total length of 
the engine room is reduced due to the significantly 
shorter stack-up length of the shafting, coupling, 
thrust bearing and motor. See Figure 7, for exam- 
ple. This provides greater available interior hull 
space for equipment, storage, crew quarters, weap- 
on systems, etc. 

As shown in Figure 1 , the structures of the two 
stators 12 and 14 are joined together at circum- 
ferential flange members 18 and 20 by bolt/nut 
combinations 22 or other suitable fasteners. The 
structure of each stator 12, 14 is also joined to 



large coupling flanges 24 that permit the motor 10 
to be mounted in the ship's housing (see Figure 6, 
for example). 

The rotor 16 and stators 12 and 14 are sub- 
5 stantially disk-shaped (see Figures 11 and 10, re- 
spectively, for example), with a large, open center. 
Referring to Figure 1, this large, open center is 
utilized in the present invention for passage of the 
ship's hollow propeller shaft 26 and for the unique 

10 rotor/propeller shaft coupling arrangement of the 
present invention. In such arrangement, an annular 
rotor torque plate 28 (connected to the rotor 16 as 
shown in Figure 2) extends radially inward toward 
propeller shaft 26. Coupled to and extending radi- 

75 ally outward from propeller shaft 26 is shaft disk 
30, which is connected (e.g. by welding) to the 
outer wall 27 of propeller shaft 26. The outer pe- 
rimeter of plate 28 and disk 30 overlap, as best 
shown in Figure 2. Interposed between these over- 

20 lapping perimeter sections is a flexible sound at- 
tenuating coupling 32. Coupling 32 may be made 
of any suitable flexible material, preferably an 
elastomer, and is held in place under pressure 
between plate 28 and disk 30, which are held 

25 together by bonding, for example. This unique cou- 
pling arrangement provides an effective means for 
isolating noise-inducing motor vibrations from the 
propeller output shaft. This is accomplished within 
the open center of the motor and thus adds no 

30 additional axial length to the motor assembly. 

Figure 1 also shows the arrangement of the 
inverter modules 34 located around the circum- 
ference of both stators 12 and 14. Inverter modules 
34 function as a controlled current source for the 

35 stator coils as will be discussed hereinafter in more 
detail. Each group of five (5) inverter modules is 
cooled by a cold plate 36. Each plate is in the form 
of a segment of an annulus. Each plate 36 is 
divided longitudinally by a wall into two channels, 

40 with the wall open at one end to connect the two 
channels. Cooling fluid enters the radially outer 
channel through conduit 38, traverses the length of 
the plate, passes through the open end of the 
dividing wall and returns through the radially inner 

45 channel, exiting at conduit 40. Conduits 38 and 40 
will be connected to an appropriate cool fluid sup- 
ply and warm water disposal, respectively, which 
are not shown in Figure 1 . 

Figure 2 shows a cross-section of the motor 

50 assembly and Figure 3 is an enlarged cross-sec- 
tional view of the upper half of the motor. The 
cross-hatching has been omitted for clarity. As 
shown in Figure 2, the upper and lower halves of 
the motor are identical. The motor 10 will typically 

55 be mounted in the hull of a vessel in surrounding 
relationship to the propeller shaft 26. The ship's 
thrust and journal bearings, which support the pro- 
peller shaft and transfer the propeller thrust to the 
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ship, are conventional and shown generally as 42. 
Figure 2 best illustrates the improved 
rotor/propeller shaft coupling of the present inven- 
tion, in which the annular rotor torque plate 28 is 
connected (e.g. by welding) to a portion 44 of rotor 
16. As described previously, propeller shaft disk 30 
is connected to and extends radially from propeller 
shaft 26. Plate 28 and disk 30 are connected at 
their overlapping perimeter portions by bonding or 
other suitable means that will not contribute to the 
transmission of noise and/or vibrations. Sand- 
wiched in between these two portions is sound 
attenuating coupling 32. Coupling 32, preferably an 
elastomer, is flexible and can absorb motor vibra- 
tions and isolate them from the propeller shaft, thus 
reducing transmission of noise into the shaft and 
thence into the hull structure and surrounding wa- 
ter. As will be appreciated, motor torque will be 
applied to the propeller shaft through plate 28, 
coupling 32 and disk 30. The torque is produced 
as a result of a rotating magnetic field set up by 
alternating current in the windings of stators 12, 14. 
The rotating magnetic field reacts with the perma- 
nent magnetic field in the rotor, which rotates on an 
annular bearing surface, as will be described. 

Referring to Figure 3, the rotor 16 is interposed 
between stators 12 and 14 and is separated there- 
from by axial air gaps 50 and 52, respectively. 
Rotor 16 generally comprises permanent magnet 
material portion 46 and non-magnetic portions 44 
and 48. Stator 12 generally comprises a mechani- 
cal support structure 54, stator backiron 56, and 
windings mounted in slots shown generally as 58. 
A gusset 66 is provided for stator 12 structure 
reinforcement. Similarly, stator 14 has a support 
structure 60, backiron 62, and windings in slots 64. 
As discussed previously, the two stator support 
structures are joined together at flange members 
18 and 20 by bolt nut combinations 22 or other 
suitable fasteners. As reinforcement for the stator 
structure, reinforcing members 70 and 72 are pro- 
vided at intervals around the circumference (see 
Figure 1) of structures 54 and 60, respectively. 

Located axially outside of each stator 12, 14 
are inverter modules 34. Interposed between the 
stator support structure and inverter modules 34 is 
a cold plate 36. As discussed previously with refer- 
ence to Figure 1 , each cold plate is divided by a 
wall, labeled 68 in Figure 3, to guide cooling water 
along the length of each plate. 

As a unique aspect of the present invention, 
circumferential thrust bearings 74 and radial bear- 
ing 76 support rotor 16 and counter and distribute 
electrical and mechanical forces in the motor to 
maintain the position of the rotor relative to the 
stators. Thrust bearings 74 are mounted to stator 
support structures 54 and 60 on each side of rotor 
16 in proximity to the magnetically active portion, 



i.e. area 46, of the rotor. The thrust bearing assem- 
blies may comprise solid annular bearings or a 
plurality of spaced thrust bearing assemblies (e.g. 
conventional tilting pad type) mounted on a rotor- 

5 facing circumferential surface of each stator sup- 
port structure. The bearing surfaces of rotor 16 will 
comprise annular runners 78 and 80, which are 
attached to rotor 16 as will be described with 
reference to Figure 4. Rotor 16 is supported on 

w radial bearing 76, which may comprise a plain 
cylindrical bearing or a plurality of spaced bearing 
assemblies mounted on a rotor facing circumferen- 
tial surface of stator support structure 54 and is 
remote from the propeller shaft 26. The radial bear- 

15 ing surface of rotor 16 will comprise annular runner 
82. These circumferential bearing arrangements 
are uniquely suited to the large, open-diameter 
motor of the present invention. 

Figure 4 is an enlarged view of the rotor 16 

20 and torque plate 28 shown in Fig. 3. The primary 
component of rotor 16 is a disk made of non- 
magnetic materials such as stainless steel, 
titanium, or composites. In Figure 4, non-magnetic 
disk portions are labeled 44 and 48. In the present 

25 invention, permanent magnets are mounted in 
openings in the rotor disk. These permanent mag- 
nets mounted in the rotor disk are illustrated gen- 
erally as area 46. In a smaller machine, the mag- 
nets may be placed directly in the openings and 

30 secured with an epoxy adhesive. In a larger ma- 
chine, the magnets may be placed in magnet hold- 
ers and the holders mechanically fastened inside 
the rotor openings. Additionally, as shown in Figure 
4, mechanical shields 84 with fasteners 86 passing 

35 through both shields secure the magnets. In a 
preferred embodiment, the permanent magnets are 
neodymium iron boron. Permanent magnets are 
rated by their energy product. The energy product 
is the product of B, magnetic flux density, and H, 

40 magnetic field intensity. The neodymium iron boron 
magnets are commercially available with energy 
products exceeding 30 megagauss oersteds. An 
advantage of the permanent-field rotor is that it 
eliminates the need for rotary electrical contacts 

45 and must absorb only very low heat losses. Thus, it 
does not require a complex or bulky cooling sys- 
tem. Further, the permanent magnets provide high 
power density when compared to other designs 
and are of relatively light weight. 

so Figure 4 also illustrates the mounting of annular 
runners 78, 80 and 82. Annular runner 78 is moun- 
ted on the outside of rotor torque plate 28 and 
runner 80 is mounted on the outside of mechanical 
shield 84. Both runners 78 and 80 are secured by 

55 inner fastener 86. Annular runner 82 is mounted 
against the lower surface of portion 44 of the rotor 
disk and is secured in place by suitable fastener 
88. 
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Figure 5 is an enlarged cross-sectional view of 
stator 12 shown in Figures 2 and 3, it being under- 
stood that stator 14 will comprise the same struc- 
tural components in an opposite orientation. The 
outline of the stator coils is represented by 58 and 
the stator backiron is represented by a series of 
rectangular bands, labeled 56. Figure 5 also illus- 
trates the stator cold plate 112, not shown in the 
prior, less detailed, figures. Within stator cold plate 
112 is a series of cooling channels 114 that serve 
to disperse heat generated by the stator coils. The 
backiron core 56, with surrounding coils 58, is 
connected to stator cold plate 112 by retaining 
pins, e.g. pin 115. This subassembly is then con- 
nected to the stator support structure 54 (Figure 2) 
by suitable fasteners 116. 

Figure 6 illustrates, in a cross-sectional view 
through the hull 90 of a marine vehicle, a typical 
mounting arrangement for motor 10. Motor 10 is 
mounted coaxially with the ship's propeller shaft 26 
by securing large coupling flanges 24 to foundation 
members 92 in the interior of the hull. Preferably 
the motor will be mounted with some form of 
sound isolation member 94 (e.g. an elastomeric 
block) interposed between flanges 24 and founda- 
tion members 92. 

Figure 7 is a side cross-sectional view through 
the hull 90 of a marine vehicle, illustrating a typical 
arrangement of the propulsion motor of the present 
invention in a ship. Segments of a typical propeller 
shaft 26 mounting arrangement are shown gen- 
erally, for example, stern tube with bearing 96, 
shaft seal 98, shaft coupling 100, and ship's thrust 
and journal bearing assembly 42. 

Figure 8 is a representation illustrating a dual 
counter-rotating propeller shaft embodiment of the 
present invention. In this embodiment, an outer 
propeller shaft 26 is driven by propulsion motor 10, 
and an inner propeller shaft 102 is driven by pro- 
pulsion motor 104 in a rotating direction opposite to 
the rotating direction of outer shaft 26. As is con- 
ventional, the blades of the propeller coupled to 
outer shaft 26 will be of opposite pitch to the 
blades of the propeller coupled to inner shaft 102. 
Some of the major components shown in Figure 7 
are stern tube with bearings 96 for both shafts, 
outer shaft seal 98, outer shaft coupling 100, ship's 
thrust and journal bearing assembly 42 for the 
outer shaft, inner/outer shaft seal 106, inner shaft 
coupling 108, and ship's thrust and journal bearing 
assembly 110 for the inner shaft. Dual counter- 
rotating propellers are used because of the 
hydrodynamic advantages that are realized. These 
advantages help in reducing power loss. 

A principal advantage of the present invention 
is noise reduction. Noise results in electric motors, 
in part, because of mechanical vibrations caused 
by unstable and undesirable magnetic attractive 



forces, known as torque ripple. One component in 
the undesirable variation in torque is referred to as 
cogging torque, which occurs when the motor has 
armature teeth. 

5 In the present invention, axially magnetized 

permanent magnets 46 are mounted on the rotor 
16. Stators 12 and 14 are located on either side of 
rotor 16 and are separated therefrom by axial air 
gaps 50 and 52. The magnet flux crosses the air 

w gap axially on both sides of rotor 16. Figure 9 is a 
representation of how the problem of torque ripple 
caused by cogging may be ameliorated. Figure 9A 
represents a first configuration of the stators 12 
and 14 and the alignment of the teeth and slots of 

75 the stators, relative to the magnetic poles of the 
rotor 16. The "iron" teeth of the stators are labeled 
118 and the slots, occupied by conductors and 
dielectric material, are labeled 120. Since the per- 
meability of the stator iron is greater than air or the 

20 coils and dielectric, the flux density will be greater 
in the teeth than in the slots. As the magnet poles 
pass the slots, cogging will result due to the pre- 
ferred orientation of the pole with the teeth, where 
reluctance is minimum. This cogging gives rise to 

25 a component of torque ripple that is independent of 
stator current. In the present invention, this cogging 
effect is minimized by staggering the stators, as 
shown in Figure 9B, such that the teeth of one 
stator are oriented opposite the slots of the other 

30 stator. Thus, as a magnet pole is passing slots in 
one stator, it will also be aligning with teeth in the 
other stator, thereby countering the undesired mag- 
netic attraction. 

An additional feature of the present invention 

35 which reduces torque ripple and the resultant noise 
is illustrated in Figure 10. Figure 10A represents a 
first configuration of disk-shaped stators 12 and 14 
with the individual slots 118 for the stator coils 
being collinear with a diameter, e.g. lines 122, of 

40 each stator. In an embodiment of the present in- 
vention, as shown in Figure 10B, stator slots 118 
are skewed, i.e. they lie at an angle to a diameter, 
e.g. lines 122, of each stator. This feature also 
helps to reduce the cogging effect by placing a 

45 portion (preferably half) of the pole cogging com- 
ponent out of phase with respect to a different 
portion (preferably half) of the pole cogging com- 
ponent. 

Figure 1 1 illustrates yet another feature of the 
50 present invention that reduces cogging, torque rip- 
ple and the resulting noise in a propulsion motor. 
Figure 11 A represents a first configuration of disk- 
shaped rotor 16 viewed from the side facing, for 
example, stator 14 with torque plate 28 and runners 
55 78, 80 and 82 removed. The rotor magnets 124 are 
configured with alternating north and south poles, 
as shown. A mechanical shield, as discussed pre- 
viously with reference to Figure 4, is attached to 
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the rotor disk at the outer edge by one fastener per 
magnet in holes 134, and at the inner edge by 
fasteners in holes 136, which are spaced 22i de- 
grees apart. Fasteners 88 that attach runner 82 to 
rotor 16 (as shown in Figure 4) use holes 137 
shown in cross-section in Figure 11. In this first 
configuration, the poles are straight with respect to 
diameters, e.g. lines 126, of the rotor. In an em- 
bodiment of the present invention, as shown in 
Figure 11B, the poles of the rotor are skewed, i.e. 
diameters 126 are not collinear with the longitudinal 
axis of the poles. A line passing straight through 
the longitudinal axis of a pole, for example line 128, 
will pass through a point that is offset from the 
center of the rotor. Further, in a preferred embodi- 
ment, each pole 124 has a skewed shape in that 
the sides 130 (Figure 11B) are slightly curved. This 
is in contrast to the straight sides 132 of the poles 
shown in Figure 11 A. This shape is preferred be- 
cause, in the axial gap motor of the present inven- 
tion, cogging torque is a function of the radius at 
which the force occurs. Although both sides 130 of 
each pole shown in Figure 11 B are curved, at least 
one side being curved will have a beneficial effect 
in reducing cogging torque. 

Another feature of the present invention which 
reduces cogging is the large number of poles. As 
shown in Figure 11B, seventy-eight (78) permanent 
magnet poles 124 are formed in rotor 16. The 
stators each include two hundred and thirty-four 
(234) slots with three (3) slots (one per phase of 
the exciting current) for each of the seventy-eight 
(78) poles. The stator coils are wound as shown in 
Figure 12, which illustrates an edge view of a 
portion of a stator, depicted for the sake of simplic- 
ity as being straight. The armature core 136 may 
be made of M47 low carbon sheet, for example, 
and may be wound in the following manner. 

The slots 120 are labeled A1, C78, B1, A2, C1, 
B2, A3, C2, B3, continuing around the periphery of 
the stator core up through and including A78, C77, 
B78. A conductor (coil) 138 starts, for example, at 
slot A1 from the outer diameter of the core and 
goes through to the inner diameter. The conductor 
continues along the inner diameter and enters slot 
A2. It exits slot A2 at the outer diameter and 
returns to slot A1 . The conductor continues to be 
wound through slots A1 and A2 until the comple- 
tion of 12 turns in each slot. At the completion of 
the 12 turns in slots A1 and A2, the conductor 
continues along the outer diameter to slot A3. Slots 
A3 and A4 are wound with 12 turns in the same 
manner as slots A1 and A2. At the completion of 
winding slots A3 and A4, slots A5 and A6 are 
similarly wound with 12 turns. The end of the 
conductor at slot A6 will be the termination point 
and it is connected to an inverter module 34 (see 
Figures 1 and 2, for example). The starting point of 



the conductor at slot A1 is also connected to the 
same inverter module. There are forty (40) inverter 
modules (one spare) for each stator in the pre- 
ferred embodiment. 

5 Slots B1 through B6 are similarly wound with a 

different conductor, which is connected to another 
inverter module. Similarly, slots C1 through C6 are 
wound with a different conductor, which is con- 
nected to another inverter module. Another conduc- 

w tor starts at slot A7 and finishes at slot A12. This 
process continues until all 234 slots are filled. 

As discussed above, several features of the 
present invention reduce torque ripple and the re- 
sultant noise. These features include staggered sta- 

75 tors, skewed stator slots and skewed field poles, 
and utilization of a large number of poles. As yet 
an additional feature, the present invention utilizes 
armature current control to compensate for per- 
tubations that are repeatable functions of shaft an- 

20 gle, which is directly related to rotor position. As 
discussed previously, the stator windings 138 are 
fed by inverter modules 34. Power inverters for 
motors are well known in the art and the particular 
inverter circuit chosen will depend upon the source 

25 of power for the motor and the power required by 
the motor. 

Basically, the inverter modules 34 are a con- 
trollable current source for the stator windings. As 
is. conventional, the output of each inverter module 

30 is chosen in response to the desired output torque. 
Pulse-width-modulation (PWM), which is also con- 
ventional, is utilized to regulate the inverter output. 
In the preferred embodiment, a high PWM fre- 
quency, preferable in the range of 20 KHz, is 

35 utilized to minimize PWM ripple amplitude and, 
more importantly, to permit rapid switching re- 
sponse to rotor current control. Since very rapid 
switching times are required to achieve the benefits 
of the present invention, it is preferred that in- 

40 sulated gate bipolar transistors (IGBTs) be selected 
as the switching elements in the inverter module. 

As stated previously, an important advantage of 
the present invention is the minimization of torque 
ripple. Torque ripple can arise from many sources 

45 including cogging torque (discussed above), vari- 
ations of the magnetic flux in the air gaps with 
position, and reluctance. The present invention 
takes advantage of the fact that much of the total 
variation in torque is a repeatable function of rotor 

50 position and armature current. By varying the cur- 
rent in the motor as a function of rotor position (or 
shaft angle), the cyclic variations in motor torque 
can be eliminated, or at least greatly reduced. 
Shaft position feedback and motor current feed- 

55 back are conventional and commonly employed in 
inverters for proper timing of the switching ele- 
ments. However, the prior art has failed to consider 
feedback control for noise reduction. 
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The present invention utilizes one or more pro- 
grammable read only memories (PROMs) to 
digitally store shaft-position-dependent information 
that is used to determine the value of current for 
each phase. Each phase of the motor (e.g. a three- 
phase motor) is fed by an inverter module 34, 
which preferably utilizes PWM control regulation 
and IGBT inverter switches. Each inverter module 
34 will be controlled, utilizing the information stored 
in PROM, to produce a current proportional to an 
input signal. 

Figure 13 is a block diagram of a basic system 
for torque ripple control utilizing shaft-position-de- 
pendent information. The shaft-position-dependent 
information is stored digitally in PROM 140. PROM 
140 may be a single PROM chip or several chips. 
Further PROM 140 may be divided into three sepa- 
rate pages of memory (or three separate chips) 
with each page (or chip) dedicated to one phase or 
it may be divided into a greater number of pages 
(or chips) with each page (or chip) dedicated to 
one inverter module or a group of inverter modules. 
In Figure 13, only three inverter modules 34 are 
shown. However, in the present invention, eighty 
(including two spares) inverter modules are con- 
templated, with forty modules (one spare) per sta- 
tor. 

The shaft-dependent information will depend 
upon each particular motor. The major features of 
the motor torque-per-amp versus angle characteris- 
tic are known to the designer before the motor is 
built. Further confirmation and/or refinement of this 
information can be determined empirically. To re- 
fine the compensation information, a first, theoreti- 
cal estimate can be made. Then, the motor can be 
operated and the resulting torque ripple recorded. 
The compensation required for such torque ripple 
is then computed using known, conventional tech- 
niques. The required compensation so computed 
can then be combined with the first estimate and 
the resultant table may be loaded into PROM. This 
process can be repeated until the residual torque 
ripple is reduced to a desired minimum. 

The PROM look-up table 140 may be indexed 
from a signal generated by a conventional shaft 
angle sensor 142. The compensation information is 
stored in PROM according to the shaft position and 
is read from PROM in the same manner. A current 
command 144 is the fundamental control input. 
Since the motor produces a torque that is nearly 
proportional to current, the current command can 
be used for torque control. The current command 
is fed on signal lines 146 to multipliers 148. The 
compensation information in PROM 140 is received 
by multipliers 148 on lines 150. The instantaneous 
current command for each phase, received by in- 
verter modules 34 on lines 152, is determined by 
multiplying the current command by the compen- 



sation information stored in PROM 140. Each in- 
verter module 34 will include PWM control circuitry 
156 and IGBT inverter switches 158. Current feed- 
back lines 154 may be used so that the inverter 

5 modules can control the armature current to match 
that of the instantaneous command current. Utiliz- 
ing this feature of the present invention, perturba- 
tions in torque that are repeatable functions of shaft 
angle can be effectively reduced to a minimum. 

70 This feature, when combined with the other noise 
reducing features of the present invention, provides 
a motor that is much quieter than the motors con- 
templated in the prior art. 

The present invention has been described and 

75 shown in relation to various preferred embodi- 
ments. Detailed descriptions and illustrations of 
certain known components and operations have 
been omitted for the sake of clarity and under- 
standing of the present invention. Conventional 

20 components and principles will be readily appre- 
ciated by those having ordinary skill in the art as 
will various modifications and changes that can be 
made to the embodiments disclosed, such embodi- 
ments, modifications, and changes being intended 

25 to fall within the scope of the invention as defined 
by the following claims. 

Claims 

30 1. An electric propulsion motor for marine ve- 
hicles comprising: 

a disk-shaped rotor and two coaxial disk- 
shaped stators, said rotor being seperated 
from said stators in an axial direction by an air 

35 gap; 

said rotor including a plurality of perma- 
nent magnets that produce a first magnetic 
field; 

each stator comprising an armature wind- 
40 ing that is connected to a source of electrical 

current to produce a second magnetic field, 
said first and second magnetic fields being 
capable of interacting to create an electromag- 
netic torque; 

45 means for coupling said rotor to a propel- 

lor shaft for transferring said torque from said 

rotor to said shaft, and means for detecting the 

angle of said shaft; 

a current control means for receiving a 
so current control signal and employing pulse 

width modulation to control said source of 

electrical current; 

said control means including means for 

storing compensation information related to 
55 torque variations that are a function of shaft 

angle; 

said current control means including 
means connected and responsive to said shaft 
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angle detecting means for selecting said com- 
pensation information as a function of shaft 
angle and for combining said compensation 
information with said current control signal to 
control said source of electrical current such 5 
that torque varations that are a function of shaft 
angle are minimized, and any one of the fol- 
lowing: 

wherein said means for coupling said pro- 
pellor shaft to said rotor includes means within 10 
the motor for isolating said shaft from sound 
produced by said motor, and/or 

circumferencial thrust bearings facing both 
sides of said rotor, said rotor including bearing 
surfaces for engagement with said thrust bear- 75 
ings; and/or 

a radial bearing remote from said propellor 
shaft for supporting said rotor. 

2. An electric propulsion motor as in Claim 1, 20 
characterised in that each said stator includes 

a plurality of teeth separated by a like plurality 
of slots, said slots including stator coils; and 

wherein said two stators are staggered on 
either side of said rotor positioned such that 25 
the teeth of a first one of said stators are 
positioned axial ly across the rotor opposite the 
slots of a second one of said stators, whereby 
a cogging component of torque ripple is mini- 
mized. 30 

3. An electric propulsion motor as in Claim 1, 
charecterised in that each said stator includes 
a plurality of teeth separated by a like plurality 

of slots, said slots including stator coils; and 35 
wherein 

said slots in each said stator are skewed 
such that they lie at an angle to a diameter of 
each said stator, whereby a cogging compo- 
nent of torque ripple is minimized. ao 

4. An electric propulsion motor as in Claim 1, 
characterised in that said rotor magnets are 
configured with alternating north and south 
poles around the circumference of said rotor; 45 
and wherein 

said poles are skewed such that diameters 
of said rotor are not collinear with lines that 
divide each pole along its longitudinal axis, 
whereby a cogging component of torque ripple so 
is minimized. 

5. An electric propulsion motor as in Claim 1, 
characterised in that said current control 
mearis includes insulated gate bipolar transis- 55 
tors (IGBTs) as switching elements. 



6. An electric propulsion motor as in Claim 1, 
characterised in that said means for storing 
compensation information comprises at least 
one programmable read only memory 
(PROM). 

7. An electric propulsion motor as in Claim 1, 
characterised in that said means for combining 
said compensation information with said cur- 
rent control signal includes at least one multi- 
plier. 

8. An electric propulsion motor as in Claim 1, 
characterised in that the motor further includes 
means for mounting said motor within a hull of 
said marine vehicle, said mounting means in- 
cluding means for isolating said hull from 
sound and vibration generated by said motor. 

9. An electric propulsion motor as in Claim 1, 
characterised in that said marine vehicle in- 
cludes two electric propulsion motors and two 
propeller shafts, and wherein a first motor 
rotates a first propeller shaft in a first rotating 
direction and a second motor rotates a second 
propeller shaft in a second direction that is 
counter to said first direction. 

10. An electric propulsion motor as in Claim 1, 
characterised in that said current control 
means employs a pulse width modulation fre- 
quency of approximately 20 KHz. 
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